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AB ST RAC T 

The technological problems associated with a l t imet ry  f r o m  a satel l i te  

a r e  the subject of wide investigation in  the United States.  

reasonable  to a s s u m e  that accura te  a l t i tudes measured  f r o m  satel l i tes  wi l l  

eventually be available,  and it i s  prudent to ask now what a r e  the interfaces  

between altitude measu remen t s  and satellite-orbit-dete rminat ion prac t ices .  

F r o m  one point of view, accura te  alt i tude data  may  generate  accuracy  r e -  

qu i rements  that  mus t  be me t  by orbi t -determinat ion procedures .  

another  point of view, the altitudes themselves  may  be used a s  t racking data 

in  orb i t  determination. If the altitude of a satel l i te  above the ocean surface 

i s  obtained, this  may be viewed as a measured  relationship between a point 

on a n  equipotential sur face  of the geopotential and a satel l i te  position de te r -  

mined by the equations of motion der ived f r o m  the geopotential. 

ous interfaces  c a n  be explored i n  the context of the procedures  used a t  the 

Smithsonian Astrophysical  Observatory (SAO) f o r  orbi t  determination and 

geophysical r e  search .  

Therefore , i t  i s  

F r o m  

These  va r i -  

iv 
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SATELLITE ALTIMETRY AND ORBIT DETERMINATION 

Charles  A. Lundquist 

1. INTRODUCTION AND HISTORY 

Within the brief span of the space age, satell i te-borne a l t imeters  a r e  

an  old idea. 

c r a f t  has  a t  l ea s t  two principal motivations. 

roots  in the proposal that on-board a l t imeters  can provide useful information 

to  a vehicle-guidance system. 

m e a s u r e  the geometr ical  shape of the ocean surface and its variations.  

In te res t  i n  instrumentation to m e a s u r e  the altitude of a space- 

One branch  of activity has  

A second branch  s t ems  f rom a des i r e  to 

F o r  applications near  the earth, m o s t  a l t imeter  -based guidance schemes  

would use  the ocean sur face  a s  a reference f r o m  which to m e a s u r e  the space 

vehicle position (e. g . ,  Godbey and Roeder, 1962; Speer and Kurtz, 1963). 

A s imi l a r  philosophy prevai ls  i n  suggestions to use  an al t imeter  for diag- 

nostic tracking during vehicle-development tes t s  o r  cr i t ical  orbital  opera-  

t ions (e. g . ,  Hoffman and Olthoff, 1963). F o r  par t icular  guidance o r  tracking 

accu racy  requirements ,  this point of view implies that the ocean-surface 

geomet ry  m u s t  be known with corresponding accuracy. Typically, space- 

vehicle engineers expect oceanography to provide the necessary  description 

of s ea  level. 

F r o m  the i r  own point of view, various oceanographers  (and geophysicists)  

a r e  interested in the shape of the ocean to differing degrees  of detail  (F rey ,  

Harrington, and von Arx, 1965). 

ocean  has  a static,  equipotential surface to within a m e t e r  o r  so. 

In the open ocean, they believe that the 

Thus a 

This  work was  supported in  par t  by Contrac 
National Aeronautics and Space Administration. 
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representat ion o i  the surface geometry to this accuracy ref iects  s t ruc tura i  

detail  within the solid earth.  F o r  example, relative to a spheroid, sea  level 

has  about a 15-m dip in a degree of latitude a c r o s s  the Puer to  Rico t rench 

(von Arx, 1966). However, a t  decimeter accuracy, sea level var ies  owing 

to many dynamical processes  - tides, cyclones, cu r ren t s ,  etc. (Woollard, 

1966). 

instrumentation does not permi t  measurement  of relative elevation to within 

50 cm,  the information i s  of essentially no oceanographic use  (Stewart, 

1965). 

Oceanographers  studying these dynamical e f fec ts  a s s e r t  that i f  

If satell i te a l t ime te r s  can  approach an  accuracy of 1 m, scientists con- 

cerned  with deducing information about the solid ea r th  beneath the sea become 

ve ry  interested;  if a l t imet ry  eventually reaches decimeter  accuracy,  the 

dynamical oceanographers  a l so  become excited. In either case,  they hope 

that pract ioners  of celest ia l  mechanics  and satell i te tracking wi l l  provide 

absolute satel l i te  positions of sufficient accuracy so  that the positions can be 

used as a reference f r o m  which to deduce sea  level. 

Such hopes by oceanographers on the one hand and reciprocal  expecta- 

t ions by mechanicians on the other could c a r r y  the beginnings of a chicken- 

and-egg attitude toward the use  of a l t imetry data: Which comes f i r s t ,  an 

accura te  geoid o r  accura te  orbits? The actual situation i s  not quite this 

ex t reme,  fortunately, and several  authors point out that geoid and orbi t  

improvements  can proceed together (Godbey, 1965; F r e y  et  a l . ,  1965; 

Rouse, Waite, and Walters,  1966; Lundquist, 1967). The purpose of this 

paper  i s  to outline one way in which this process  of mutual improvement  

could develop naturally. 

pract ice  in satell i te geodesy. 

The outlined process  follows the established 

Before a discussion of the procedures,  a few background r e m a r k s  about 

a l t imeter  hardware  a r e  in order .  

t r ansmi t  a n  electromagnetic signal f r o m  the spacecraf t  toward the ocean 

surface o r  the solid surface f rom whence a reflected signal re turns  to the 

satell i te.  The t rans i t  t ime, corrected for  a tmosphere effects, m e a s u r e s  

The sys t ems  flown and proposed to date 
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the altitude of the spacecraf t  above the reflecting surface.  

netic radiation can have radio frequency, light frequency, o r  some other 

f r e quenc y. 

The electromag- 

Radar  a l t imeters  for spacecraft  a r e  most ly  an outgrowth of s imi la r  a i r -  

c r a f t  systems.  However, the f i r s t  satell i te experience with reflections 

f r o m  the ea r th  was a by-product of the swept-frequency topside sounder 

c a r r i e d  for ionosphere r e sea rch  on the Canadian Alouette launched on 

September  29, 1962 (Molozzi, 1964). In addition to re turns  f rom the iono- 

sphere,  many ionograms contained re turns  f r o m  the ea r th  a t  frequencies 

above the c r i t i ca l  frequency of the ionosphere (Chia, Doemland, and Moore, 

1967; Moore, 1965). 

Saturn SA-4 in  March, 1963 (Hoffman and Olthoff, 1963; Dugan, 1963). 

P r e l i m i n a r y  designs f o r  other systems a r e  documented in m o r e  recent 

papers  (Godbey, 1965; F r e y  et  a l . ,  1965; Westinghouse, 1966). 

An al t imeter  designed for  vehicle tracking flew in 

Over  the ocean, the accuracy of a r a d a r  a l t imeter  i s  re la ted intimately 

to the reflecting charac te r  of the s e a  surface with i t s  var iable  wave s t ruc -  

ture .  Satellite measu remen t  of the s e a  s ta te  - i. e . ,  wave s ize  - is an in te r -  

esting topic, which has  been widely discussed (e. g . ,  Pierson,  1965). 

P e r h a p s  it i s  fa i r  to say, in summary ,  that altitudes over the ocean to an 

accu racy  approaching a m e t e r  o r  s o  represent  a reasonable expectation in  

future  r ada r  systems. 

experience with range measurements  between ground stations and active 

satel l i te  transponders indicates that even for  this ca se  m e t e r  accuracy is 

difficult to obtain a t  radio frequencies. 

But a note of caution is appropriate,  because 

L a s e r  a l t imeters  a r e  a newer concept. Possible  l a s e r  uses  in guidance 

schemes  a r e  touched on br ief ly  in seve ra l  documents (e .  g . ,  Walker, 1965; 

Wyman, 1965). A spacecraf t  a l t imeter  has  been studied and experiments 

per formed f r o m  an a i r c ra f t  over the ocean (Raytheon Company, 1967). 
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Although no l a s e r  a l t imeter  has flown yet in  a spacecra i t ,  a l a s e r  t r a n s -  

m i t t e r  for  a communication experiment  was developed and c a r r i e d  on the 

Gemini-7 fl ight (Radio Corporation of Amer ica ,  1965; Piland and Penrod,  

1966). 

Severa l  potential l a s e r  systems,  including ruby l a s e r s  for  which much 

re la ted  experience ex is t s ,  hold promise for  achieving me te r - accu racy  alt i-  

tudes when cloud cover  permi ts .  

cloud-cover l imitation i s  offset to some degree  by the real izat ion that ground- 

s ta t ion  satel l i te  t racking with l a s e r s  i s  the only technique now routinely 

producing range data  to m e t e r  accuracy (Plotkin,  1965; Lehr ,  1966). 

In a comparison of l a s e r s  with r a d a r s ,  this 

Al t imeter  applications to lunar  problems a r e  similar in many r e spec t s  

to e a r t h  problems,  but d i f fe r  i n  the important  r e spec t  that  the moon h a s  no 

ocean  to s e r v e  a s  a re ference  surface.  

s i tuat ion will  not be considered fur ther  h e r e  o ther  than to say  that common 

ha rdware  may  be developed for  use nea r  the ear th ,  moon, and other  planets. 

F o r  th i s  l a t t e r  reason, the lunar  

In summary ,  satel l i te  altitudes above the ocean sur face  mus t  be  m e a s -  

u r e d  to an  accuracy  be t te r  than 10 m i f  these  data a r e  to  be valuable. One-m 

accuracy  is a reasonable  objective to adopt for  a f i r s t  s t ep  (NASA, 1967), 

although nei ther  a r a d a r  nor  a l a s e r  s y s t e m  of this  quality has  been 

demonstrated.  
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2. UTILIZATION OF ALTITUDE DATA 

Satel l i te  geodesy has  matured to the s ta te  where  i t  is a recognized branch 

of geodetic science with i t s  own established procedures .  

cyc le  of analysis begins a t  a tracking station, which m e a s u r e s  some quantity 

depending on satel l i te  position o r  velocity. Each  observat ion yields a n  equa- 

t ion of condition relat ing orb i ta l  elements and geodetic pa rame te r s .  

many such equations a r e  used to  ref ine orb i ta l  e lements  and geodetic pa ram-  

e t e r s ,  e i ther  simultaneously o r  cyclically. In these  solutions the equations 

need not a l l  a r i s e  f rom measuremen t  of the s a m e  function of satel l i te  posi- 

t ion o r  velocity. 

can  s t rengthen the solution. 

The conventional 

Very 

Rather ,  a blend of data f r o m  var ious  tracking s y s t e m s  

My point h e r e  i s  that  a l t imeter  data  can  be blended into the same  proce-  

d u r e s  with no essent ia l  change in  philosophy o r  computer  programs.  

l a t t e r  i s  par t icu lar ly  important  since the computer  p rograms  in use  by v a r i -  

ous invest igators  a r e  all r a the r  substantial, and any a l te rna te  p rogram to 

use  accu ra t e  alt i tudes will have to have comparable  complexity. Another 

consequence i s  that satel l i te  orbi ts  and the geoid can  be obtained s imultane-  

ously f r o m  altitude data, in  the same way that present  orb i t s  and geopotential 

representa t ions  a r e  derived together f r o m  tracking data. The accurac ies  a r e  

compatible also.  F o r  example,  p rog rams  in  advanced s tages  of development 

a t  the Smithsonian Astrophysical  Observatory (SAO) fo r  using l a s e r  range 

da ta  a r e  wri t ten to  maintain a precis ion of 0. 5 m. 

The 

In the paragraphs  below, I outline the formulat ion for  blending alt i tudes 

into the procedures  pract iced at SAO, following t h e  development given by 

E. M. Gaposchkin (1 966) for  range observat ions;  where  possible,  the notation 

i s  f r o m  the s a m e  source.  
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The suggested approach to a l t imet ry  adopts the assumption that s e a  

level ,  averaged over  wave s t ruc ture ,  is an  equipotential sur face  to an accu-  

r acy  of approximately a me te r .  

reasonably be expected f r o m  future a l t ime te r  hardware.  Thus,  dynamical 

effects in the ocean a r e  neglected fo r  the present .  

corresponding to sea  level ,  i. e . ,  the geoid, i s  represented  by 

This is a l so  about the accuracy  that can  

The equipotential surface 

m n  

t (:y(cm cos mX t Sm s in  

n=2 m = l  

2 2  w r  t- 2 cos2  Q = c a constant 0’ 

where  

GM 

‘nm’ ’nrn 

a 

= gravitational constant for the ear th ,  

= harmonic coefficients for the geopotential, 

= re ference  equitorial  radius of ear th ,  

w = rotational ra te  of ear th ,  

r = geocentric radius to satel l i te ,  

Q = geocentric latitude, 

x = longitude. 

In the coordinate sys t em used for  the orb i t  theory (essent ia l ly  an  iner t ia l  

sys t em) ,  F igure  1 i l lus t ra tes  definitions of fur ther  notation. Note par t icu lar ly  

that  the ea r th  ro ta tes  in  this system, but the geocentr ic  vector  s to the s e a  s u r -  

face is expressed  in  a space-fixed system. The corresponding vector  in  ea r th -  

fixed coordinates i s  S, which is related to s by t ransformat ions  ~ s ( 0 ) ~ ( x ,  y) ;  

these  specify the rotation of the ear th  and polar  motion, respect ively 

(Gaposchkin, 1966). 

2 
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where  

and 

2 -  Figure 1. Relation between r, s, and 2. 

a 
r = satell i te position, 

s = position on s e a  surface, 
A 

= altitude, 

Fu r the r  character izat ion of the a l t imeter  sys tem i s  necessary  before 

proceeding. 

the sea c loses t  to the satellite. The t ime of the f i r s t  r e t u r n  a s  sensed on 

the satell i te gives the distance to the closest  point. 

t e r ized  mathematically by the condition that h is normal  to  the geoid a t  s. 

The gradient of u, rotated into the co r rec t  position a t  the t ime of observa-  

tion, gives the family of normals  to  U, one of which contains the satell i te.  

The result ing equations can  be solved fo r  the vector  s o r  S a s  a function of 

r ( t )  and the p a r a m e t e r s  C .  (= C 

One alternative is a beam broad enough to include the point on 

This  sys tem i s  charac-  
1 

A 1  

A 
C o )  in  U. nm’ snm’ 1 
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c 

A second ai ternat ive for  the a i t imeter  sys t em a s s u m e s  a satei i i te  with 

a s tabi l ized gravity gradient,  and a narrow-beam sys t em aligned with the 

vehicle axis .  

d i rec t ion  of the gravity gradient  at r. 

solved f o r  s .  

3 
This sys tem i s  charac te r ized  by the condition that h has the 

A 
Again the  result ing equations can  be 

J 

A th i rd  al ternat ive would use  a n  active attitude o r  pointing control on the 
1 

satel l i te  to  cha rac t e r i ze  the direction of h. 

In all the a l te rna te-  sys t em character izat ions,  the information i s  sufficient 

to de te rmine  

2 > A  
s = s ( r , C  t) . i’ 

Since the s e r i e s  f o r  U mus t  be very  long, the solution for  s presumably will 

be per formed by a computer  subroutine. F o r  the r e s t  of the discussion 

h e r e  it i s  sufficient to know that s and i t s  der ivat ives  can  be computed with- 

out par t icu lar  trouble once an  a l t imeter  sys t em has  been selected.  

A 

F o r  ground- station t racking (following Gaposchkin, 1966) an equation of 

condition i s  expressed  as 

A(> - ;) = A %L Api , a Pi 

where  
L 

p 

A i s  an  opera tor  such that 

Ap’= observed positional quantity, 

= calculated range vector t o  satel l i te ,  

3 

and 

pi = paramete r  to be refined. 
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1 
where  Bh’ = observed altitude, h’ . 
wri t ten ,  in  t e r m s  of computed quantities, as 

The opera tor  B in this c a s e  may be 

so  that  

If E .  r ep resen t s  the conventional orbi ta l  e lements ,  then the usual orbi t  
1 

theory used in satel l i te  geodesy gives (Gaposchkin, 1966)  

r = r ( E  C i , t )  . i’ 

Expanding the equat 

position R,  
A 

3 
A[;‘ - r ( E  

ons of condition gives, for  ground- station t racking f rom 

9 



and for  a l t imet ry  

The equations of condition arising f r o m  tracking and al t imetry have 

exactly s imi la r  f o r m s ,  except that station positions a r e  not involved in the 

la t te r .  

been programmed f o r  the tracking case ,  except the expression involving s 

and i t s  derivatives.  

a l t imeter  system. 

All the expressions in the al t imetry equation will a l ready have 
2 

These depend upon character izat ion of a par t icular  

F r o m  the s imilar i ty  of the equations i t  would seem quite easy to blend 

a l t i m e t e r  observations with the other information f r o m  tracking, but some 

de ta i l s  of course  need to  be examined fur ther .  

s u r e l y  depend sensibly upon very  many m o r e  harmonic coefficients than does 

the orbi t .  This  is a strength of alt imetry,  since it will allow a m o r e  detailed 

representat ion of the geopotential. 

numbers  of measured  altitudes a r e  required to obtain a reasonable solution 

f o r  ve ry  many harmonic coefficients. The lack of data  over continents may 

r a i s e  other troubles,  since uniform data coverage is probably quite necessary  

to a uniform representat ion of the geopotential. 

surface-gravity data can  perhaps augment altitude data  f r o m  the oceans. 

Kaula (1966)  has  a l ready demonstrated that gravity data  can  be combined with 

satel l i te  determinat ions of the geopotential. 

provide an  interesting check on the r e su l t s  f r o m  alt imetry.  

will  be quite easy  to  explore m a n y  of these questions by the use  of the exist-  

ing p rograms  with slight modifications to simulate a l t imet ry  information. 

F o r  example, the geoid will 

It m a y  a l s o  c r e a t e  problems,  if  vast  

In the case  of continents, 

Gravity data f rom oceans can  

Fortunately,  it 

1 0  
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